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Abstract 

 Counterstreaming laser-generated plasma jets can serve as a test-bed for the 

studies of a variety of astrophysical phenomena, including collisionless shock waves. In 

the latter problem, the jet’s parameters have to be chosen in such a way as to make the 

collisions between the particles of one jet with the particles of the other jet very rare. This 

can be achieved by making the jet velocities high and the Coulomb cross-sections 

correspondingly low. On the other hand, the intra-jet collisions for high-Mach-number 

jets can still be very frequent, as they are determined by the much lower thermal 

velocities of the particles of each jet. This paper describes some peculiar properties of 

intra-jet hydrodynamics in such a setting: the steepening of smooth perturbations and 

shock formation affected by the presence of the “stiff” opposite flow; the role of a rapid 

electron heating in shock formation; ion heating by the intrajet shock. can The latter 

effect can cause rapid ion heating which is consistent with recent counterstreaming jet 

experiments by J.S. Ross et al (Phys. Plas., 19, 056501, 2012). 
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 This brief communication is concerned with effects occurring in two laser-

generated interpenetrating plasma jets in the geometry of Fig. 1. Such (or similar) 

geometry is used in the experiments on collisionless shocks [1-4] of relevance to 

astrophysics (see Refs. 5-7 and further astrophysical references therein).  

 By design, the ion kinetic energy of the interpenetrating jets is high, so as to make 

Coulomb collisions between the ions of the two jets negligible and allow for the studies 

of collisionless interactions, if the latter are strong enough. Such a plasma has been 

characterized in much detail by Thomson scattering in Ref. [8].  

 The interpenetrating jets have very high Mach number, i.e., the ion temperature 

within each jet is much less than the ion directed energy. This means that the collisions 

between the ions of the same jet are much more frequent than those between the ions of 

two jets. To provide some numerical guidance, we present Table 1 for the conditions 

typical for the aforementioned experiments [1, 8]. One sees that the intra-jet collisional 

mean-free path is very short, meaning that each jet is a highly collisional entity, 

describable hydrodynamically.  

 In our paper we study intra-jet hydrodynamic motions, with an emphasis on intra-

jet collisional shocks. This allows us to suggest a plausible mechanism of rapid ion 

heating observed in the experiment [8]. We consider purely classical hydrodynamical 

effects and do not include collisionless interactions. Our model, therefore, serves as a 

background for the possible analysis of microturbulence and collisionless effects, if they 

are present.  

 An interesting feature of the hydrodynamic motions in a single jet is the presence 

of a “stiff” background ion population provided by the second, counterstreaming jet. This 



 3 

background is “stiff” in the sense that the electric fields produced by the hydrodynamic 

motions in the first jet have only a small effect on the counterpropagating ions, which 

have very high energy in the rest-frame of the first jet. So, the ions of the second jet can 

be considered as a known background, with the density being a given function of space 

and time, n*(r,t),  and not affected by the motions in the first jet. The electron thermal 

velocity is orders of magnitude higher than the relative velocity of the jets. Therefore, 

electron population is common and can be characterized by a single density ne and 

temperature Te.  

 In the plasma with parameters mentioned in Table 1, the Debye radius is smaller 

than all other scales, meaning that the plasma is quasineutral.  The quasineutrality 

constraint can be represented as  

ni + n*= ne / Z         (1) 

We remind that collisions between the ions of the two jets are very rare and can be 

neglected. They play some role in a weak ion heating by the small-angle scattering, 

which we mention later, but not in the dynamics of the first jet. 

 The Thomson scattering measurements [8] have shown that, when a substantial 

overlapping of the jets occurs, the electron temperature rapidly (within a fraction of the 

ion transit time) increases from the initial value below 100 eV to values of order of 1 

keV. Purely collisional effect of the ion drag vs. the electrons [9] is sufficient to account 

for the rapid electron heating. With that, the relative energy decrease of the ion jets is still 

small, ~ 10 % [8], i.e., the model of freely expanding interpenetrating jets remains valid. 

 The ions of each jet are heated by a small-angle scattering on the ions of the 

opposite jet. This leads to some ion heating, but the effect is a few times weaker than that 
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observed experimentally, ~0.3 keV vs 1.5 keV [8]. The processes discussed in our paper 

may be a contributor to the actually observed ion heating rate. 

 Another important feature of the experiment with counterstreaming jets is high 

electron thermal diffusivity. According to Ref. [10], it is  

!e(cm
2 / s) ! 3.7 "1020Te

5/2 (eV ) / Zne(cm
#3)      (2) 

(we have taken the Coulomb logarithm to be equal to 10).  As a characteristic scale for 

further estimates we use the length ! =1mm , of order of the jet radius in experiments [1, 

8], see Fig. 1. Then, evaluating the heat conduction time over the characteristic scale of 

! =1mm  as ! " = !
2 / 2!e , one obtains the time mentioned in Table 1: this time is short 

compared to other characteristic times. Actually, for higher electron temperatures 

approaching 1 keV, the electron mean-free path becomes just a few times less than the 

scale-length and the heat conduction model with the diffusivity (2) breaks down (e.g., 

[11] and references therein): the electrons fly over the scale !  experiencing just a few 

scattering events, and form one Maxwell-Boltzmann population over the length 

exceeding ! . Note that the electron-electron collisions are very frequent (Table 1), so that 

electron distribution is indeed close to a Maxwell-Boltzmann distribution. The electron 

density is then related to the electrostatic potential by Boltzmann relation:Te!ne = ene!! . 

 When making numerical estimates, we use the following set of plasma 

parameters: 

  ni=n*=1018 cm-3; u=108 cm/s; Z=6 (carbon),    (3)  

where u is a velocity of a jet (so that the relative velocity is 2u). The jet crossing time 

! u = ! / uover the scale ! =1mm , is ~10-9
 s, longer that the heat conduction time ! " and/or 

electron-electron collision time τee. 
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 The set of hydrodynamic equations for a uniform Te becomes: 

  
mini

dvi
dt

= !"pi ! eZni"!
             

(4) 

  dni
dt

+ ni!"vi = 0
        

(5)  

 
 !! =

Te
e
!(ni + n*)
ni + n*        (6)  

  
pi = niTi         (7) 

  dTi
dt

+
2
3
Ti!"vi = 0

       (8)
 

where d / dt ! " /"t + vi #$  and we accounted for Eq. (1). The presence of the ion 

background enters the problem via Eq. (6). 

 We start from considering basic features of the hydrodynamic equations for a 

uniform and constant in time background n* and then proceed to include effects 

associated with the variation of n*.  We emphasize that we use the coordinate frame co-

moving with the jet 1, i.e. the unperturbed state is that of a resting plasma.  Consider the 

acoustic (linear) perturbations. By linearizing Eqs. (4)-(8) around the unperturbed 

uniform state, one obtains the following set: 

  
mini

!!vi
!t

= "#!pi " eZni#!"
     (9)

 

  
!!ni
!t

+ ni"#!vi = 0        (10) 

  
!!" =

Te
e

!!ni
ni + n*        (11) 
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!pi =

5
3
pi
!ni
ni         (12)

 

The prefix δ is used to denote the perturbation; the quantities without this prefix are the 

unperturbed quantities. By expressing δpi and δϕ in terms of δni from the last two 

equations, taking the divergence of the first equation, and substituting in it !"!vi  from 

the second equation, one finds a standard equation for the acoustic waves,   

  
!2!ni
!t2

= s2"2!ni ,        (13) 

with s being a sound speed expressed as:  

  
s2 = 5

3
pi
mni

+
ZTe
mi

ni
ni + n*       (14)

 

One sees that the presence of an ion background leads to a decrease of the sound speed 

compared to the plasma of a single jet.  

 Now we consider shocks in the jet. The Rankine-Hugoniot relations across the 

shock front for the case of electrons with a uniform temperature (not varying across the 

shock due to their very high thermal conductivity)  read as: 

            (15) 

    (16) 

(17) 

where the subscripts “1” and “2” relate to the pre-shock and post-shock ions. These 

equations describe the continuity of the ion mass, momentum and energy fluxes across 

the shock interface. The shock thickness is of order of the ion mean-free-path with 

n2vx2 = n1vx1

mini2vx2
2 + p2i + ZTeni2 =mini1vx1

2 + p1i + ZTeni1 + ZTen* ln
ni2 + n*
ni1 + n*

mini2vx2
3

2
+
!vx2p2i
! !1

+ Ze"2ni2vx2 =
mini1vx1

3

2
+
!vx1p1i
! !1

+ Ze"1ni1vx1;"2 !"1 =
Te
e
ln ni2 + n*
ni1 + n*
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respect to the intra-jet collisions, i.e., in the range of 10 µm (Table 1). The background 

ion density n* provided by the other jet is not perturbed. The origin of the shocks and 

their effect on the ion heating will be discussed shortly.  

 To illustrate the effect of the ion heating by the shock, we consider the case where 

the pre-shock ion temperature is much smaller than the electron temperature, so that the 

terms containing pi1 in Eqs. (16) and (17) can be neglected. This assumption corresponds 

to the situation where the electrons have been rapidly heated by the aforementioned drag 

effect on the background of the cold ions. The dependence of the compression ratio and 

the post-shock ion temperature vs. the Mach number is presented in Figs. 2, 3.  We define 

the Mach number as M 2 = v1
2 / s2 , where s is defined by Eq. (14) with p1=0. The relative 

density of the background ions (the stiff ions provided by the second jet) is characterized 

by the parameter N=n1/n*.   

 The shocks are formed from initially smooth density distribution by a familiar 

overtaking mechanism [12, 13]. The mechanism is associated with the fact that those 

parts of the Riemann wave that have higher density have also a higher propagation 

velocity and “overtake” the slower-moving part within the time of order of  

    ! overturn ~ ! / s .       (18) 

We speak here of the modestly nonlinear perturbations, with the density variation of 

order one. For strong perturbations, the overtaking occurs earlier, for weak perturbations, 

later. 

 The density variations are naturally present in the jet in the form of a radial 

density profile, with the density decreasing from the axis to the periphery at the distance 

~ ! . The related expansion dynamics would lead to formation of the radially-propagating 
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shocks. The non-uniformities can also be created by temporal variation of the laser 

intensity and resulting variations of the ablation rate. These non-uniformities are advected 

along the jet, gradually evolving into shocks.  

 However, all these processes are in some sense “frozen” until the rapid heating of 

the electrons occur: evolution of smooth perturbations in shocks takes long time in a cold 

plasma, as the sound speed is low. Also, if the electrons are cold, as they are before the 

onset of a fast heating, the post-shock ion temperature remains low.  

 The situation changes dramatically after a rapid electron heating. First, the 

duration (18) of the shock formation process rapidly falls into 1 ns range for Te~1 keV 

electrons. That is, even if the density variations at the time of a rapid electron heating 

were smooth, the shocks would be formed within ~ 1 ns time after the heating occurred. 

If the shocks in a cold plasma have already existed, then the rapid electron heating would 

lead to their transformation in much faster shocks. More importantly, the shocks of even 

modest intensity, with a Mach number of ~ 1.5, would lead to a rapid ion heating, which 

would occur within the shock crossing time (1-2 ns for a shock with the Mach number 

1.5-2).  The resulting ion temperature would exceed the electron temperature for even 

relatively weak shocks, with the Mach number ~2 (for Carbon), see Fig. 3. In other 

words, as soon as the electrons are heated, the ions are heated as well to the temperatures 

generally speaking exceeding the electron temperature, following the general trend 

reported in Ref. [8].  

 We now discuss in some more detail our assumption of the “stiffness” of one jet 

with respect to perturbations in the other jet. Consider an order one density perturbation 

with a length-scale !  in one of the jets. The corresponding electric field perturbation, 
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which would perturb the ions in the other jet, is ~Te / e! . Within the time ! / 2u  that the 

perturbation passes through the location of a certain ion, the ion acquires velocity ~ 

(ZTe /mi!)! (! / 2u) ~ s
2 / 2u . This velocity is much smaller than the sound speed s, which  

is a characteristic velocity for the “natural” redistribution of ions in the jet. In other 

words, the presence of even significant perturbation in one jet has only a weak effect on 

the other jet. We leave a more detailed analysis of the coupled dynamics for the future 

work.  

 In summary: The interpenetrating high-speed plasma jets, although they are 

almost collisionless with respect to collisions between the ions of the two jets can be 

highly collisional within each jet. The intra-jet dynamics is described by peculiar 

hydrodynamic equations, with the presence of the second jet entering the problem via the 

quasi-neutrality constraint due to the presence of a stiff ion background. The properties of 

acoustic waves and shock waves in this modified hydrodynamics are briefly analyzed. It 

is shown that, for the conditions of experiments [1, 8], the rapid ion heating observed 

after the jets overlapped can be explained by the fast electron heating and formation of 

the modest-intensity intra-jet shocks by the overtaking effect.  

 The authors are grateful to W.J. Rozmus for helpful discussion. Work performed 

for U.S. DoE by LLNL under Contract DE-AC52-07NA27344. 
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TABLE 1 Collisionality and other characteristics of two symmetric counter-propagating 

jets (Assumptions: fully ionized carbon jets, Z=6; ion density per jet 1018 cm-3; velocity of 

each jet u=108 cm/s; electron and ion temperatures Te= Ti=100 eV before fast electron 

heating; electron temperature  Te= 1 keV after the fast electron heating, length-scale !

=1mm) 

 Inter-jet 
ion 
m.f.p. 

Intra-jet 
ion 
m.f.p.  

Electron-
ion 
m.f.p.  

! " =

!2 / 2!e

 
τee Electron 

Debye 
radius 

Sound-
crossing 
time, 
! / s  

Te=Ti= 
100 eV 

10 cm 0.3 µm 4 µm 10 ns 0.004 ns 0.1 µm 10 ns 

Te=1keV, 
Ti=300 
eV 

10 cm 3 µm 400 µm 0.03 ns* 0.12 ns  0.3 µm 2.5 ns 

Te=1keV, 
Ti=1 keV 

10 cm 30 µm 400 µm 0.03 ns* 0.12 ns 0.3 µm 2 ns 

 
* These numbers are given for reference only, as the standard heat conduction model becomes too 
inaccurate for!ei ~ 0.4! [11]. Note that τee (next column) is very short compared to the hydrodynamic 
times. 
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Fig. 1 Two modestly diverging jets formed on planar targets facing each other. The time 

when significant overlap has already occurred is shown. The right panel is a sketch of the 

radial density distribution in the mid-plane. After rapid electron heating, the shock can be 

formed in the zone of the steepest radial gradient. 
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Fig. 2 Compression ratio vs. the Mach number for three values of the parameter S≡n1/n*: 

S=∞ (upper curve); S=1 (middle curve); S=0.5 lower curve. Initial ion temperature is 

zero. 
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Fig.3 Post-shock ion temperature vs. the Mach number for three values of the parameter 

S≡n1/n*: S=∞ (upper curve); S=1 (middle curve); S=0.5 lower curve. Initial ion 

temperature is zero. For S= 1 and modest shock strengths, M ~ 2.5, the ion temperature is 

~ 0.3ZTe , i.e., somewhat higher than Te for carbon.  

 


